Abstract: Soluble π-conjugated polymer derived from a renewable monomer, 3-amino-4-hydroxybenzoic acid (3,4-AHBA), was synthesized by an electropolymerization. The polymer has higher solubility in common solvents, compared to polyaniline, due to the polar side groups such as carboxyl and hydroxyl. The polymer showed various chromic behaviors based on the solvation and ionization of the side groups, and gave a flexible film with a conductivity as high as that of semiconductor.
Introduction
The development of bio-based functional polymers is significant for the establishment of a sustainable lowcarbon society [1] . Although various bio-based polymers have been developed, almost all of them were aliphatic polyesters, such as poly(lactic acid) [2] , poly(hydroxyalkanoate)s [3] , poly(butylenes succinate) [4] , and so on [5] , which generally have no specific function. In this respect, these aliphatic bio-based polyesters can be used in the category of commodity plastics, but the widespread use of bio-based polymers is very difficult to achieve due to the severe competition with the commodity plastics currently in use. From this concept, bio-based plastics having a performance high enough to use as variety of functional plastics would be highly suitable. The introduction of an aromatic π-electron-rich component into a polymer backbone is an efficient method of intrinsically imparting material functions. One candidate bio-based monomer, 3-amino-4-hydroxybenzoic acid (3,4-AHBA), which is produced by a microorganism Streptomyces griseus as a precursor for several secondary metabolites [6] , is a renewable, functional benzene derivative with three substitutents of amino, carboxyl, and hydroxyl groups. 3,4-AHBA is noteworthy in terms of not only the chemical structure but also possible mass-availability from S. griseus that has mass-produced a wide variety of materials such as antibiotics (streptomycin), parasiticides, herbicides, and pharmacologically active substances including antitumor agents and immunosuppressants [7] . Then a patent on the syntheses of polybenzoxazole from 3,4-AHBA extracted from S. griseus claimed the usefulness of its renewable resources for the biobased polymer [8] . Here we propose a new application of 3,4-AHBA as a functional aniline derivative with two acidic groups. Polyaniline (PANI) is a family of π-conjugated polymers that represents one of the oldest electroconductive synthetic materials [9, 10] . The applications of the π-conjugated polymers are getting wider and wider in fields from organic lightweight batteries to microelectronic and optical display materials [11] . However, PANI application is limited due to poor solubility and processability [12] . To overcome these problems, we focused on PANI analogue poly(3,4-AHBA) which is expected to show high solubility in polar solvents such as water due to its two polar groups, and might show conductivity and solvatochromism. Then 3,4-AHBA can be used in terms of not only a novel resource for soluble π-conjugated polymers but also a renewable monomer for high-functional bio-based polymers. 
Experimental section

General procedure for polycondensation of poly(3,4-AHBA)
The method for preparation of poly(3,4-AHBA) was performed by anodic oxidation such as elecropolymerization of PANI [13] . 3,4-AHBA 0.65 mmol (Kanto chemical, Co. Inc.) was stirred to dissolve in 1 M HCl (10 mL; Kanto chemical, Co. Inc.) at 30 °C (Fig. 1) . The reaction solution was soaked by two platinum plates, and carried out at a voltage of 1.5 V by using dc bench supply (KIKUSUI PMC 35-1). We confirmed the electrodeposition of poly(3,4-AHBA) on anode platinum.
Measurements
Fourier transform infrared spectrum (FT-IR) of the polymer was recorded on a Perkin-Elmer Spectrum One spectrometer using a diamond-attenuated total reflection (ATR) accessory.
The weight and number average molecular weight (M w and M n ) of the polymer was analyzed by gel permeation chromatography (GPC) in N,N-dimethylformamide (DMF) at 40 °C using a Shodex GPC-101 system with two TSK gel columns KD-803 and KD-807 (pullulan standard; Shodex-P82).
UV-vis spectrum of the polymer solution was recorded by UV-vis spectroscopy (Perkin-Elmer Lambda 25 UV/VIS Spectrometer). For the sample preparation of halochromic measurement, electrodeposited film was washed in distilled water, and dissolved using ultrasonic bath. However, a small amount of the insoluble substance appeared in this solution and was removed by filtration to obtain clear polymer solutions. The solution of the polymer was first added to HCl aq of pH 2, and then we adjusted pH by NaOH aq using a digital pH meter (HM-25R; DKK-TOA Corporation). 
Results and discussion
The polymer synthesis of poly(3,4-AHBA) was carried out by the electropolymerization method. From this method, we observed the dark green polymer film electrodeposited on anode platinum (inset picture; Fig. 1 ). In solubility test, poly(3,4-AHBA) had higher solubility in various solvents such as distilled water (D.W.), ethanol, acetone, DMF, dimethyl sulfoxide (DMSO) and N-methylpyrrolidone (NMP). When compared with PANI [14] , it was soluble in only DMF, DMSO and NMP. Then the solubility studies indicated that hydroxyl and carboxyl groups in 3,4-AHBA units in the polymers imparted good solubility into the PANI backbone. The average molecular weight of poly(3,4-AHBA) was measured in DMF by GPC. Poly(3,4-AHBA) showed high molecular weight such as M w values of 11 000 (M w /M n = ca. 1.0).
The FT-IR spectrum of the polymer is shown in Fig. 2 . The assignment was confirmed from the literature [15] [16] [17] . The characteristic peak of the stretching vibrations of C = C (quinoid rings) and C = C (benzenoid rings) are observed at 1598 cm -1 and 1550 cm -1 , respectively. In addition the band observed at 1696 cm -1 can be assigned to the C = O stretching vibrations.
Since poly(3,4-AHBA) was soluble in various polar solvents and has pH-responsive groups, the halochromic behavior of the poly(3,4-AHBA) was investigated. Poly(3,4-AHBA) solution showed a halochromic pattern different from that of PANI [18] [19] [20] . Poly(3,4-AHBA) solution showed brown in pH 3-6, but became almost black around pH 6-7 and gradually changed into dark brown in pH 7-12 (Fig. 3a) . Quinoid absorption appeared at 550 nm in UV-vis spectrum of poly(3,4-AHBA) in acidic solutions, which may indicate that the polaron structure was hardly formed in HCl function presumably due to the steric hindrance of side chains. However the spectrum remarkably changed at pH 7 and polaron band appeared (Fig. 3b) . The polaron peak was gradually broadened with increasing from pH 7 to pH 12. Then we can consider the self-doping of the polymer by carboxylate anion occurred around pH 6-7 (Fig. 3c) . The self-doping phenomenon was also shown in another polyaniline having sulfonates in polaron band transitions [21] .
Solvatochromic behavior of poly(3,4-AHBA) electrodeposition film was studied as wrote below. When the film was dissolved in HCl aq/ethanol, the solution was brown but 10 min later changed into green. When solvents such as acetone, DMF, NMP, DMSO, and distilled water (5 mL) were added into this green solution (5 mL), the solution kept green in acetone, but changed into brown in DMF and DMSO while into pink in NMP and distilled water as shown in Fig. 4 . The UV-vis spectra of the poly(3,4-AHBA) in the prepared solutions we measured (Fig. 4) , showing quinoid and polaron absorption at about 520 nm and 660 nm, respectively. When DMF, NMP, DMSO, and distilled water were used, polaron band became weak but quinoid band became strong. This is a solvatochromic behavior [17, 21] . That is to say self-doped conducting poly(3,4-AHBA) induced polaron band transitions by solvent addition and the polaron band disappear after de-doping. From the fact that no dedoping occurred by acetone addition with the lowest polarity of the solvents used in this experiment, we considered that interaction of the polar solvents with carboxylate groups of 3,4-AHBA units may induce the dedoping.
Finally we tried to make a film of doped poly(3,4-AHBA) but the self-supporting film was not prepared. Then author used hydroxypropylcellulose as a supporter which is mixed with poly(3,4-AHBA) in acetone. The cast film was prepared by drying the acetone solution. The film was green and transparent (Fig. 5) , and showed a conductivity (2.3 × 10 -4 S/cm) as high as that of semiconductors.
Summary
Poly(3,4-AHBA) showed higher solubility than that of PANI. Halochromism of poly(3,4-AHBA) showed different pattern compared with PANI. Especially, poly(3,4-AHBA) indicated noticeable color changes around pH 6-7. From the result of UV-vis spectrum of the polymer solution, it was suggested that the poly(3,4-AHBA) showed self-doping effect by carboxylate anion. Further the polar solvent addition rendered the polymer undoped accompanying by the chromism. Thus we first prepared novel functional bio-based polymer with chromism based on the π-conjugation structure change. 
